Background: Previous findings are inconsistent; yet, converging evidence suggests an association between schizophrenia (SZ) and the impairment of posttranscriptional regulation of brain development through microRNA (miRNA) systems. Methods: This study aims to (1) compare the overall frequency of 121 rare variants (RVs) in 59 genes associated with the miRNA system in genome-wide association studies (GWAS)-derived data including 768 SZ cases and 1348 healthy controls and validated in an independent GWAS data including 1802 SZ cases and 1447 controls; (2) profile genome-wide miRNA expression in blood collected from 15 early-onset SZ (EOS) cases and 15 healthy controls; and (3) construct a miRNA-messenger RNA (mRNA) regulatory network using our previous genome-wide mRNA expression data generated from a separate sample of 18 EOS cases and 12 healthy controls. Results: Our findings indicate that: (1) In genes associated with the control of miRNAs, there are approximately 50% more RVs in SZ cases than in controls (P ≤ 2.62E-10); (2) The observed lower miRNA activity in EOS patients compared with the healthy controls suggests that miRNAs are abnormally downregulated; (3) There exists a predicted regulatory network among some downregulated miRNAs and some upregulated mRNAs. Conclusions: Collectively, results from all 3 lines of evidence, suggest that the genetically based dysregulation of miRNA systems undermines miRNAs' inhibitory effects, resulting in the abnormal upregulation of genome transcription in the development of SZ.
Introduction
Schizophrenia (SZ) is a severe chronic mental disorder affecting approximately 1% of the population worldwide. Generally arising in late adolescence, it profoundly disrupts the key traits of human cognition and personality, such as language, thought, perception, emotional affect, and sense of self. When the disease manifests before age 18, it is categorized as early-onset SZ (EOS), a subcategory of SZ associated with more familial vulnerability and poor outcomes. 1 Despite SZ's wide prevalence and debilitating nature, little is known about its pathogenesis. Clinicians continue to rely on clinical symptoms for diagnosis and the evaluation of progress and treatment responses throughout the duration of the disease. Comprehension of the genomic basis of SZ would allow for more personalized treatment and an improved prediction for disease prognosis. Several earlier studies profiled gene expression in peripheral blood, while searching for biomarkers for SZ and other psychiatric disorder. 2, 3 To date, expression studies have identified misexpressed genes and biological pathways in both the brain [4] [5] [6] and blood. [7] [8] [9] However, a consistent pattern of alterations has not been established. 10, 11 More importantly, the mechanisms underlying the dysregulation of hundreds of genes remain unclear. Among many possibilities, microRNA (miRNA) is gaining momentum since increasing evidence suggests their involvement in SZ development. 12 miRNAs, which are enriched in brain, act posttranscriptionally to regulate and fine-tune almost every biological function in the genome. 13 Their coordination of gene activity within biological networks is especially vital for neurodevelopment. 14, 15 Therefore, it is not surprising that studies of miRNA expression in blood and postmortem brain tissue have revealed differences between SZ patients and controls. 12, 16 Nevertheless, the results have been inconsistent and our contemporary knowledge in this field is rather fractional. Most of these studies targeted postmortem brains or blood from chronic patients, while those investigating changes of drug-naive or earlyonset patients are still lacking. Furthermore, the underlying causes of miRNA dysregulation have not been systematically scrutinized.
The biogenesis and function of miRNAs are modulated by a range of mechanisms involving many proteinprotein and protein-RNA interactions. 17 The miRNA processing pathway mediates the biogenesis, maturation, and transportation of miRNAs, thus exerting an effect on the abundance and functioning of miRNAs. 18 Key players in this pathway include DROSHA, DGCR8, DICER1, and AGO. It can be anticipated that the alteration of miRNA levels could be at least partially due to altered expressions of miRNA machinery genes, as exemplified in the haploinsufficiency of DGCR8 in 22q11 deletion. 19 Furthermore, aberrant expressions of miRNA processing genes have been observed in SZ. 20, 21 Thus, we hypothesize that variations in the genetic pathway controlling miRNA processing may lead to the misexpression of miRNAs observed in SZ patients.
Although many genome-wide association studies (GWAS) have identified a large number of disease susceptibility loci, the vast majority of total heritability and the underlying causal variants of psychiatric disease have yet to be identified. 22, 23 Most genetic association studies have used the common disease-common variant (CDCV) paradigm. Yet the relatively low reproducibility of effects identified using the CDCV approach to date has led many researchers to adopt a common disease-rare variant (CDRV) approach. Under the CDRV paradigm, complex disease traits are assumed to arise from small changes at many different loci, based on the rationale observed from empirical data indicating that RVs are more likely than common variants to be damaging. 24 It has been shown that the sum total of RVs can produce substantial effects. 25 While evidence is growing that RVs play a crucial role in shaping the genetic architecture of human phenotypes, [25] [26] [27] their rarity makes it nearly impossible, to identify the effect of any single variant, using traditional single-marker tests. Under the premise that testing multiple RVs simultaneously might enrich their association signals and reduce the burden of multiple testing, researchers have begun to collapse multiple RVs from the same genomic region or pathway into sets. [28] [29] [30] [31] [32] [33] In an earlier study, we analyzed associations between 967 single nucleotide polymorphisms (SNPs) located in 59 miRNA machinery genes and disease states, in 768 SZ cases and 1348 healthy controls. 34 Although this analysis failed to reveal any association between the typed SNPs and SZ, we adopted the CDRV view and reasoned that, the genetic-based dysregulation of miRNAs may reflect the collective effects of many different rare SNPs within the pathway. Altogether, these RVs would lead to a reduction in miRNAs, misexpression of the transcriptome, and disease symptoms and onset (figure 1). To empirically test our hypothesized link between the miRNA pathway and disease, we profiled miRNA expression in peripheral blood mononuclear cells derived from a cohort of EOS patients and evaluated the associations between RVs in the miRNA machinery pathway and SZ.
Methods

Subjects
All participants were unrelated Han Chinese recruited from the north of China. The discovery sample consisted of 768 unrelated patients with SZ (360 males and 408 females) and 1348 control subjects (658 males and 690 females), derived from a previous study. 34 The validation sample included 1802 cases (968 males and 834 females), and 1447 healthy controls (349 males and 1098 females) (Yue W, unpublished data). For miRNA profiling, we recruited 15 first-onset SZ patients (8 males and 7 females, aged 13.80 ± 1.93 years ranging from 12 to17 years) and 15 healthy controls (7 males and 8 females, aged 14.07 ± 1.82 years ranging from 9 to16 years). Consensus diagnoses were made by at least 2 experienced psychiatrists independently according to the Diagnosis and Statistical Manual of Mental Disorders Fourth Edition (DSM-IV) criteria for SZ. Patients with unanimous diagnosis were enrolled into the study. Healthy teenager controls were recruited from several middle Fig. 1 . A plausible link between the abnormal miRNA system and SZ. miRNA, microRNA; SZ, schizophrenia.
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schools with an interview performed by psychiatrists; individuals with a history of mental health or neurological diseases were all excluded. The study was approved by the Medical Research Ethics Committee of First Hospital of Shanxi Medical University. Informed consent was signed by the teenager participants and their parents.
SNP Data Derivation
We defined rare SNPs as those with the minor allele frequency < 0.01 in either controls or SZ patients. In the discovery stage, we derived rare SNPs within 59 miRNA machinery genes from our GWAS data. 35 miRNA machinery genes were curated from the literature 36, 37 and the Patrocles database, 38 as described elsewhere. 34 There were 158 rare SNPs, among them 37 SNPs were nonpolymorphic and filtered out, thus there remained 121 rare SNPs within 38 genes (some genes lack typed RVs), with a calling rate of 99.86%. In the validation stage, we derived relevant data from another GWAS (Yue W, unpublished data), in which 112 SNPs were typed, while other 9 SNPs were lacking, with the calling rate of 99.99%.
miRNA Profiling
Peripheral blood samples were collected from the participants. Total RNA was harvested using TRIzol (Invitrogen) and miRNeasy mini kit (QIAGEN) according to the manufacturer's instructions. After passing the RNA quantity measurement using the NanoDrop 1000, the samples were labeled using the miRCURY Hy3/Hy5 Power labeling kit and hybridized on the miRCURY LNA Array (v.18.0). Following the washing steps, the slides were scanned using the Axon GenePix 4000B microarray scanner. Scanned images were then imported into GenePix Pro 6.0 software (Axon) for grid alignment and data extraction. Replicated miRNAs were averaged and miRNAs with intensities ≥50 in all samples were chosen for calculating normalization factor. Expressed data were normalized using the median normalization, followed by log 2 transformation. After normalization, the log 2 ratio distribution was roughly the same across all samples (supplementary figure 1). Differentially expressed (DE) miRNAs were identified through fold change (FC) and P value filtering. The data have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE54578 (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54578).
Statistical Analysis and In Silico Prediction
PLINK 39 was used to conduct the genetic association tests. Pearson's Chi-squared test was used for comparison of rare alleles between SZ cases and controls. SNPinfo 40 and F-SNP 41 were used to predict the potential functions of the 121 rare SNPs. R 42 was used to perform the data processing and analyses of the miRNA data. Student t test was used to compare expression levels between the patient and control groups. Clustering heatmaps were plotted using gplots. 43 We predicted miRNA targets using miRBase 44 and miRanda, 45 both implemented in R package RmiR.Hs.miRNA. 46 miRNA target network was plotted using Cytoscape. 47
Results
Collective Association of RVs With SZ
There were 121 and 112 SNPs within 38 miRNA pathway genes in the discovery (supplementary table 1) and validation (supplementary table 2) samples, respectively. No SNPs deviated from Hardy-Weinberg equilibrium in both the case and the control groups (P > .001). As shown in table 1, there was a 45.5% and 50.0% increase of rare alleles in SZ cases when compared with controls in the discovery and validation sample, respectively, and the collective frequencies of rare SNPs were associated with SZ in both the discovery (P = 2.62E-10) and the validation sample (P < 2.2E-16), with an average OR of 1.42 and 1.47, in the discovery and validation sample, respectively. In-silico function predictions of rare SNPs showed that the majority of these RVs were predicted to influence transcription factor binding, splicing, miRNA binding, protein coding, regulatory potential, or conservation (supplementary table 3 ).
miRNA Profiles
A total of 1070 miRNAs were detected using microarrays in our samples. There are 63 DE miRNAs according to FC ≥ 2 and P adjusted ≤ .05. Adaptive Benjamini and Hochberg method 48 was adopted to correct the multiple tests. All 63 miRNAs were downregulated in SZ patients compared with healthy control subjects (figure 2, supplementary 
Discussion
SZ's heritability is estimated to be approximately 80%; however, the majority of identified robust signals lacked direct biological relevance, suggesting that most efforts to find a genetic basis for the disease have not proven to be as informative as expected. 49 Nevertheless, mounting evidence continues to implicate genetic dysregulation, perhaps caused by the disruption of regulatory functions of miRNAs, in the etiology of SZ. In particular, (1) the microdeletion 22q11.2 harboring the DGCR8 gene appears to be a major locus for SZ susceptibility in humans, 50, 51 and haploinsufficiency of DGCR8 leading to abnormal miRNA biogenesis is associated with SZ-like behavioral and neuronal deficits 19, [52] [53] [54] ; and (2) GWAS data analysis has revealed a strong association with SZ near MIR137, in a region with multiple predicted miR-137 targets. 55, 56 miRNA is currently thought to play a pivotal role in both the neurodegeneration and the etiology of psychiatric disease. [57] [58] [59] Growing evidence confirms that dysfunction within a single monoamine system cannot alone account for complex neuropsychiatric diseases such as SZ, which result from the wider disruption of an entire cellular network. 60 miRNAs' diverse effects and coordinating functions make them an appropriate target of interest for SZ research, and many different lines of evidence have now confirmed the association between aberrant expression of miRNA and the development of psychiatric diseases and other human traits. [57] [58] [59] 61 Earlier studies, however, which have primarily focused on the brain, have produced widely divergent or conflicting results, in large part due to the variations in sample status and in the tissues used. [57] [58] [59] 61 It is not possible to determine, for instance, whether the alterations in miRNA in postmortem brain tissue are stochastic, causative, or the consequence of long-term treatment, and physical complexities. Recent evidence indicates that the dynamic process of miRNA expression in the brain is highly influenced by age, 62 and a dynamic shift in miRNA expression has also been observed during brain maturation. 63 To acquire a better understanding of the neuropathology of SZ, we sought to conduct our miRNA profile examinations in a cohort of drug-naive teenage patients with first-onset SZ. The study group was homogeneous in age, all were students, and all were in good health without other major physical diagnosis. More importantly, all study subjects were untreated, precluding any confounding effects of therapeutic drugs. All patients were in the early stage of disease and given their ages, their brains 
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were still developing. We therefore speculate that alterations in transcription identified in these patient cohorts are likely to be relevant to the disease process.
At a genome-wide false discovery rate of 0.05, we detected 63 DE miRNAs with lower levels in SZ patients than in controls. This observation accords with those of Gardiner et al 64 who identified 83 downregulated miRNAs in SZ patients. A comparison of the 2 results revealed that 2 miRNAs, miR-337-3p and miR-409-3p, were underexpressed in both studies. The discrepancies between the 2 studies may be due to the heterogeneity of SZ, the different populations involved, and the different disease statuses, since the patients in Gardiner et al were chronic cases, with the mean treatment duration of more than 15 years, while in our study, all patients were drug-naive teenage cases. Although there is little overlap between DE miRNAs identified by the 2 studies, both confirm an association between SZ and a global downregulation of miRNAs.
Several miRNAs have been implicated in SZ, such as miR-124, miR-132, miR-134, and miR-137. 12 However, among these miRNAs, only miR-124-3p was DE in our study, while other miRNAs, though enriched in brain, were expressed at low levels in our samples, possible due to the incongruities between brain and blood. Many of the 63 DE miRNAs have not been reported by previous studies. We noted that most of the DE miRNAs were recently curated miRNAs, and there are no clinical studies for these new miRNAs (id > 700).
In light of wide discrepancies concerning individual miRNAs involved across studies, we speculate that a change in direction may provide more valuable information for the field. It seems unlikely that SZ could result from one or several specific miRNAs, but may very likely arise from a panel or group of miRNAs, none of which would be indispensable or adequate, given the low specificity of miRNA binding in that each miRNA can bind hundreds of targets, while each mRNA may be regulated by multiple miRNAs. Our observation suggests that the dosage deficiency of miRNAs may well contribute to the neuropathogenesis of SZ disease.
Since miRNAs generally inhibit mRNA transcription and translation, miRNA underexpression should result in mRNA upregulation and overexpression. This phenomenon, however, has yet to be convincingly observed. We have detected predominant overexpression of mRNAs in another sample of patients with EOS compared with controls, with 82 out of 84 DE genes showing increased activity. To test the plausible link between the reduction in the miR-NAs' inhibitory effect and the upregulation of mRNAs, we conducted prediction tests to determine whether the 63 DE miRNAs target the 84 DE genes identified in our SZ cohort. Our prediction yielded 107 miRNA target pairs involving 15 miRNAs and 48 genes. Considering that our miRNA study was conducted in a different cohort from our other mRNA study, these results are satisfactory.
Rather than pinpointing specific deficiencies in gene products in the origin of SZ, our results, collectively, implicate an overall dysregulation of transcription. We postulate that SZ is not the result of abnormalities in 1 or 2 pathways or biological systems (such as the dopaminergic or glutamatergic systems), but arises rather from disruption throughout an entire cellular network. 60 This hypothesis also takes into account the apparently heterogeneous origins of SZ and other mental disorders.
While miRNA deregulation can, at least in part, explain the altered expression of mRNAs in SZ patients, the consistent reduction in miRNA levels remains unexplained. Based on the evidence from 2 cancer studies, 36, 65 we suggest here that the miRNA machinery pathway may in fact control the expression of miRNAs. In line with this theory, disturbances during miRNA biogenesis would reduce the overall number of miRNAs produced, such as in the haploinsufficiency of DGCR8. 19 Empirical evidence strongly suggests that RVs are crucial players in the formation of SZ phenotypes. 26, 27, 66 Therefore, we examined the RVs' collective effects in miRNA pathways in schizophrenic disease. We found the frequency of rare alleles to be approximately 50% higher in SZ patients than in healthy controls. Thus, in SZ cases, our findings suggest that RVs are significantly overrepresented. RVs tend to be deleterious and their effect sizes are relatively large. The low population frequency of RVs is overcome by their large numbers throughout the genome. It can be expected that the 121 SNPs reported in this study represent only the tip of the iceberg. Therefore, it is not unreasonable to speculate that it is their collective effect that disrupts the biogenesis of miRNAs in SZ. Predictions further demonstrate that most variants are potentially functional, and given the complexity of genetic regulatory networks, much of their functional relevance is undoubtedly yet to be discovered.
Together, the RVs within the miRNA pathway genes may exert crucial detrimental effects on the biogenesis of miRNAs, which may consequently cause the deregulation of the entire genome. There may be a cascade amplification effect between each step of the link from RVs to SZ, since one miRNA pathway gene may influence most miRNAs, while each miRNA can bind to multiple targets.
A caveat in mind was that our miRNA results were derived from blood samples; thus, due care should be taken when extrapolating these results into the brain. A close association between the state of the immune system-in lymphocytes particularly-and major psychiatric disorders including SZ has been suggested. 67 Lymphocytes have been suggested as a neural probe for studies of psychiatric disorders, due to the bidirectional communication between the immune and nervous systems. 2 A comparison of gene expression in blood and brain showed that whole blood shares significant gene expression similarities with multiple brain tissues, with the median correlation between transcripts present in both whole blood and central nervous system being around 0.5. 68 Mamdani et al 69 reported that whole-blood gene expression changes may track treatment response to citalopram in depressed patients. It has been suggested that peripheral biomarkers may in part mirror similar pathological processes in the brain, represent distinct molecular changes in the blood that are highly specific to the primary pathophysiology, or reflect the molecular response of the peripheral cells secondary to the disease. 70 Thus, abnormalities in blood, whether or not they are mimicked in brain, are useful indicators of disease pathology.
Noteworthy, this study also has several other limitations. As a result of the rarity of drug-naive patients with EOS, the sample size in the expression experiment was relatively small. It is also far from ideal to derive RVs from a preexisting GWAS dataset, and bias due to the design of the commercial arrays is unavoidable. We did not further validate the DE miRNAs or biologically validate the miRNA binding due to the constraints of the fund. Although, in our study, we focused on RVs and did not exclude the potential effects of common variants in this pathway since CDCV and CDRV are not mutually exclusive. Nevertheless, we did not investigate the effect of other sources of genetic variations, such as structural genomic variations and epigenetic variations, all of which may contribute to the disease and warrant study in the future.
In summary, the considered converging lines of evidence all point to the genetically determined dysregulation of the miRNA system as a key feature in the development of SZ. Our data support the notion that SZ may result from the dysregulation of the whole genome or disturbances of the entire cellular network. This big picture scope appears to be intimidating; however, our encouraging message is that miRNA appears to be a pivotal regulator in the disease development process. Therefore, we can target the limited number of miRNA pathway genes, even though we can hardly manipulate numerous RVs or thousands of transcripts. In this sense, our findings may provide evidence for a promising avenue toward treatment by monitoring the expression of miR-NAs. Clearly, longitudinal research is needed to elucidate how the dynamics of miRNA expression affect-and are affected by-both the disease and the treatment process.
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